Aneuploidy is associated with different human diseases, particularly cancer, but how different cell types within tissues respond to aneuploidy is not fully understood. In some studies, aneuploidy has been shown to have a deleterious effect and lead to cell death, however it has also been shown to be a causal event of tumorigenesis in other contexts. 
Introduction
Aneuploidy is characterized by the presence of an abnormal number of chromosomes in a cell and is a hallmark of different human diseases -it is one of the major causes of spontaneous miscarriages, a hallmark of cancer, and it has been linked to neurodegeneration and aging [1] [2] . Aneuploidy is present in more than 90% of human tumors, but several studies report a detrimental effect of aneuploidy on cells leading to cell death or cell cycle arrest. [3] . This complexity is partially explained by the fact that the effects of aneuploidy seem to be cell type specific.
Tissue stem cells are responsible for the constant self-renewal of our tissues, and their behavior must be tightly regulated to prevent diseases. Contrasting with other proliferative non-stem cells [4] [5] [6] , adult stem cells have been proposed to tolerate aneuploidy and not activate apoptosis in response to genomic instability [7] [8] [9] [10] . This resistance to aneuploidy underscores a need to understand how tolerated aneuploidy impacts adult stem cell behavior and tissue homeostasis. Here, we show that Drosophila intestinal stem cells (ISCs) are competent for the Spindle-Assembly Checkpoint (SAC), a surveillance mechanism that ensures faithful chromosome segregation during mitosis [11] . However, while we find that prolonged SAC impairment results in induction of aneuploidy in intestinal progenitor cells, this does not lead to apoptosis activation and, consequently, loss of these cells. Instead, we observe tissue dysplasia characterized by an accumulation of progenitor cells, increased stem cell proliferation rate, and an excess of cells of the enteroendocrine lineage. Importantly, these phenotypes are recapitulated when aneuploidy is induced via manipulation of other biological mechanisms associated with aneuploidy, like defects on kinetochore structure or centrosome amplification, suggesting they portrait a broad effect of aneuploidy on ISCs. Our findings describe an in vivo model on how a failure to maintain a correct genomic content can lead to stem cell malfunction and tissue pathology.
Results and discussion

Drosophila intestinal stem cells are SAC competent
The Drosophila intestine is a powerful model system to study adult stem behavior in vivo, where markers are available for all cell types that compose the intestinal epithelium (Figure 1 A) , and a diversity of genetic tools can be used to manipulate gene expression in a cell-type and temporally-controlled manner [12] . In the Drosophila posterior midgut, multipotent ISCs and enteroblasts (EBs) constitute the progenitor cell population of this tissue. Differentiated cell types in the adult midgut include secretory enteroendocrine (EE) cells, and absorptive polyploid enterocytes (EC) . ISCs have the potential to divide symmetrically or asymmetrically with regards to cell fate. When dividing asymmetrically they can give rise to either an EB or an EE, a process regulated by bidirectional Notch signaling [13] [14] [15] [16] [17] . ECs are generated through differentiation of EBs [18] [19] .
In order to investigate if SAC impairment could be used as a strategy to induce aneuploidy in ISCs we first examined if SAC function was active in these cells. SAC competent cells respond to depolymerization of microtubules by drugs such as colchicine with a mitotic arrest in prometaphase [20] . Previous studies have reported that proliferative cells within the intestine arrest in mitosis when flies are fed with microtubule depolymerizing drugs like colchicine or colcemid [21] [22] [23] . To confirm that ISCs are able to respond to microtubule spindle depolymerization of microtubules we fed flies with colchicine. Consistent with ISCs being SAC functional, a high number of mitotic cells (phospho-histone H3 positive) was found in wild-type flies fed with colchicine for 24h, while these were rarely found in flies fed during the same period with a sucrose solution (Figure 1 B-D) . In agreement, we observed that after colchicine feeding mitotic cells showed kinetochore accumulation of SAC proteins such as Mad2 and BubR1 ( Figure 1 E-G) [24] [25] . To further validate the SAC response in ISCs, we tested if SAC genes were essential for this prometaphase arrest. Unlike in mammals, Drosophila homozygous mutants for mad2 SAC gene (mad2 ∆ ) are viable and fertile [26] . Our laboratory characterized another SAC mutant (ald G4422 ) which encodes the mps1 gene [27] [28] , that allows survival of a small percentage of homozygous flies until adult stages.
Both of these SAC mutants are checkpoint defective and show high rates of aneuploidy in their neuroblast population [26] [27] . To investigate if the SAC is impaired in these mutants, colchicine feeding experiments were performed on mad2 and mps1
homozygous mutant flies and the number of mitotic cells per total cells were compared to wild-type controls. In wild-type flies, colchicine feeding lead to a 103-fold increase on the number of mitotic cells per total cells, whereas in SAC mutants this increase was significantly lower, only of 3-fold for mad2 ∆ and 5-fold for ald G4422 ( Figure 1 H-L). Thus, we conclude that the colchicine arrest observed in wild-type ISCs is due to an active SAC. Furthermore, we could also observe that overexpression of the SAC gene mps1
causes mitotic arrest consistent with its role in an active checkpoint response in ISCs ( Figure S1 A-C).
In different model organisms and cell types, a defective checkpoint has consistently been associated with abnormal chromosome segregation and aneuploidy induction [11] .
After showing that ISCs have a functional SAC response, we wanted to determine whether loss of the SAC could lead to aneuploidy induction in intestinal progenitor cells.
To do so, we performed FACS analysis of cells isolated from the intestine of control or SAC mutant intestines labelled with the esgGAL4,UASGFP transgene that identifies both ISCs and EBs [18] [19] [29] (Figure 1 M-O) . FACS analysis has been used successfully to detect increases in specific types of aneuploidy within Drosophila imaginal discs after SAC impairment [4] [5] [6] and, more recently, adult intestinal progenitor cells [30] [31] . It is important to note that this method to detect aneuploidy is conservative and misses any aneuploidy classes with less than the equivalent of the G2 DNA content.
As expected, homozygous mutant cells for mad2 or mps1 showed higher rates of aneuploidy within their GFP positive cell population (ISCs/EBs) with a DNA content >4n, confirming that loss of SAC genes results in aneuploidy induction in intestinal progenitor cells.
SAC impairment results in intestinal dysplasia
To characterize the impact of aneuploidy induction in the stem cell population, we quantified the number of ISCs/EBs in control, mad2 or mps1 mutant flies. We observed a significant accumulation of ISCs/EBs in the intestines of mad2 or mps1 mutants when compared to controls (Figure 2 A-D). These observations are in sharp contrast to previous findings on the impact of aneuploidy in Drosophila imaginal cells, where aneuploidy induction results in apoptosis, and only if apoptosis is blocked, a tumorigenic phenotype can be observed [4] [5] [6] . Interestingly, it has been shown that aneuploidy does not induce embryonic stem cells death [32] , and more recent studies have proposed that this resistance to aneuploidy might be conserved in different adult stem cell populations [7] [8] [9] , including the Drosophila ISCs [10] . Recently, it has been proposed that aneuploidy has a detrimental effect on Drosophila brain and intestinal stem cell populations, leading to their loss through premature differentiation [33] . As experiments performed in the intestine by Gogendeu et al were based on a single genetic condition used to induce aneuploidy (Bub3 loss of function), and the main effect of aneuploidy was different from our initial results with mad2 and mps1 mutants, we decided to analyze in greater detail the consequences of aneuploidy induction in intestinal adult stem cells using other genetic conditions.
The experiments described above ( Figure 1 ) were carried out using mad2 or mps1 mutant flies, and, therefore, it is possible that the adult intestinal phenotype we observed could be due to earlier developmental defects. To directly characterize the impact of loss of SAC proteins in ISCs/EBs, we used the esgGAL4 driver to express UAS-RNAi constructs against mad2 or mps1 genes. In order to avoid developmental defects, a GAL80 ts (temperature sensitive repressor of the GAL4-UAS system) was used and crosses were maintained at 18°C to suppress the GAL4-UAS system and RNAi mediated knockdown until eclosion when adult flies were shifted to 29ºC. In order to test if RNAi mediated knockdown of mad2 or mps1 efficiently compromised the SAC in ISCs, flies were fed colchicine as described before and the total number of mitotic cells per ISCs/EBs was determined ( Figure S2 A-F, and K). As expected, control flies showed a dramatic increase in pH3 positive cells after colchicine feeding while mad2RNAi or mps1RNAi flies showed a severely compromised mitotic arrest.
To investigate the consequences of a continued SAC impairment, different cell types and I), similarly to other models in this tissue where dysplasia was observed [34] . The orientation of cell division of the ISCs has been shown to be subject of biological regulation and it has been shown to impact the stem cell fate decision [13] [17] [35] .
Since an accumulation of ISCs/EBs and EEs has been described previously in a Notch mutant phenotype, and this phenotype was proposed to be mediated by alterations in the orientation of stem cell division [17] , we investigated if stem cell division angle in mad2RNAi and mps1RNAi flies was affected. After extensive 3D reconstruction of dividing ISCs, no significant differences were found in the angle of division after Mad2 or aneuploidy that involve chromosome gain, we decided to investigate if chromosome loss might also occur after SAC impairment in ISCs/EBs. To do so, we resorted to an antibody for the fourth chromosome [37] , which has previously been used successfully to detect loss of this chromosome after SAC impairment in Drosophila developmental tissue [5] . Again, this method revealed that this specific type of aneuploidy was 
Aneuploidy causes accumulation of ISCs
Thus far, we have shown that downregulation of SAC genes in ISCs and EBs leads to aneuploidy and a consequent accumulation of these progenitor cell types. Since the esgGAL4 driver is expressed in both ISCs and EBs, we considered important to determine the specific contribution of stem cells to this phenotype. With this purpose, we used the Su(H)LacZ reporter a common marker of EBs [38] , and quantified the two different cells types after RNAi induction ( Figure 4 A-E). This strategy allowed us to separate these two cell populations and revealed that the percentage of ISCs increased significantly when SAC genes were impaired. Accordingly, we conclude that a deficient SAC response leads to the accumulation of ISCs.
In order to further validate these results, we decided to perform an experiment in which only ISCs would express the RNAi constructs. This was accomplished by using an esgGAL4 driver in combination with a GAL8O ts (expressed in all cells, and temperature sensitive) and a Su(H)GAL80 (expressed in EBs only, and not temperature sensitive), as described in [39] . This strategy allowed us to block expression of the GAL4-UAS system in all cells during development by keeping the flies at 18°C, and activate expression of these constructs, specifically in ISCs, after eclosion, by shifting flies to 29°C. As expected, an accumulation of SAC impaired ISCs was found ( Figure 4 F-I) , similarly to what we described both for homozygous mutant flies or RNAi expression in ISCs and EBs.
BubR1 but not Bub3 loss-of-function recapitulate the dysplastic phenotype observed after SAC impairment
Our results described so far contrast with a previous study in which it was proposed that aneuploidy leads to ISCs loss caused by premature differentiation [33] . However, in D, E-F). Therefore, we were able to reproduce the previously reported detrimental effect of bub3 depletion in ISCs maintenance [33] . The different phenotype observed with bub3RNAi might be explained by a SAC-independent role of Bub3, which has been shown to form a complex with histone deacetylases, and this interaction appears to confer transcriptional repressor activity during interphase [40] . It is possible that within the genes transcriptionally repressed by this complex some might affect stem cell maintenance.
Interesting parallels can be drawn between our findings and other studies on mammalian models. Consistent with a model where SAC deficiency and aneuploidy induction potentiate tumor development, mad1 and mad2 heterozygous offspring showed increased incidence of spontaneous tumors [41] [42] . However, haploinsufficiency of bub3 seems to contrast with other SAC genes loss-of-function phenotypes since it does not result in tumorigenesis in mice models [43] . It would be interesting to re-visit these mice models to study how adult stem cells, in different organs, are affected. Moreover, if available, tools to impair the SAC and induce aneuploidy specifically in stem cells, in a cell-type and temporally-controlled manner, should be explored in these mammalian tissues.
Apoptosis block delays but does not prevent intestinal dysplasia after aneuploidy induction
In the posterior midgut, ISCs have been shown to be highly sensitive to signals secreted by neighboring cells undergoing cell death or damage, and promote an increased proliferation rate as part of dynamic regenerative process [44] . Therefore, we addressed the possibility that induction of aneuploidy in stem cells could result in apoptosis induction in progenitor cells or in differentiated progenitor cells, and this could result in the activation of a regenerative response of the tissue. We first investigated if apoptotic cells were detected after aneuploidy induction. Pyknotic nuclei were not detected after aneuploidy induction, and the majority of control or mad2RNAi intestines had no cells positive for cleaved caspase-3 ( Figure S5 A-C). Bleomycin, a drug known to induce apoptosis in the midgut [45] , was used for a positive control for the cleaved caspase-3 antibody.
To better address a putative role for apoptosis in the dysplastic phenotype observed after aneuploidy induction, we genetically impaired the apoptosis response. First, we blocked apoptosis specifically in ISCs/EBs, expressing the baculovirus protein P35. At 10 days, dysplasia was less pronounced when P35 was co-expressed mad2RNAi when compared to mad2RNAi alone, suggesting that blocking apoptosis in ISCs/EBs does not prevent the accumulation of ISCs/EBs but it contributes partially for this phenotype at earlier timepoints ( Figure Further studies should address which biological mechanisms are responsible for the accumulation of EEs, after aneuploidy induction.
Aneuploidy caused by centrosome or kinetochore impairment results in intestinal dysplasia
In order to confirm that intestinal dysplasia is caused by aneuploidy and not SAC impairment per se, we induced aneuploidy in ISCs either by impairing kinetochore function (and, consequently, microtubule attachment) or by inducing centrosome amplification. Successful induction of aneuploidy in Drosophila has been previously achieved by knockdown of the centromeric-associated protein meta (Cenp-meta), a kinesin-like motor protein required for efficient end-on attachment of kinetochores to the spindle microtubules [57] [58] . Cenp-E knockout mice (the mammalian homolog of Cenpmeta) have also been shown to accumulate aneuploid cells [59] . Thus, we depleted Cenp-meta by expressing an RNAi construct in ISCs/EBs using the esgGAL4 driver. We describe here in vivo examples of how stem cell failure to maintain genomic stability can lead to tissue pathology. Current knowledge strongly implies that the effect of aneuploidy on adult stem behavior is tissue specific, therefore a cautioned extrapolation of our findings to other Drosophila or mammalian adult tissues should be performed. Nevertheless, we highlight one specific tissue example where mechanisms that ensure correct chromosome segregation during stem cell proliferation prevent tissue dysplasia. Future studies should focus on whether Drosophila and mammalian adult stem cells don´t activate cell-death mechanisms in response to aneuploidy, on Drosophila ISCs mechanisms of resistance to aneuploidy, and on the identification of the specific genomic alterations that drive accumulation of progenitor cells. Moreover, the depth of our experiments does not allow us to exclude the possibility that some specific types of aneuploidy might have a detrimental effect and even cause ISC death, so it will be important to determine which specific types of aneuploidy are tolerated by stem cells.
Mammalian and Drosophila intestinal epithelia share many common similarities that include cell type composition, anatomic compartmentalization, and pathways governing tissue maintenance and regeneration [63] . Furthermore, Drosophila has given significant contributions to our understanding of the development of different human pathologies, 
Immunostaining, microscopy and data analysis
Immunofluorescence ( Figure S1 and Figure S3 ). After 24h of feeding in vials with control or colchicine solutions, intestines were fixed and subjected to immunofluorescence in order to evaluate mitotic rates.
FACS analysis
Female intestines were dissected (30-50 per genotype) in 1xPBS/1% BSA solution in dissecting slides on ice, for no more than 2h, and transferred to 1.5ml eppendorfs also on ice. After all intestines for different genotypes were dissected, initial sample preparation was performed according to S3. Once dissociation of cells was achieved, subsequent protocol steps were then performed as described in S4. 3,7%
formaldehyde in 1xPBS was used for fixation and propidium iodide (PI) and RNAse incubation was done overnight. PI fluorescence was determined by flow cytometry using a BD FACS Canto II flow cytometer.
DNA analysis (ploidy analysis) on single fluorescence histograms was done using FlowJo (TreeStar, Inc.).
Experimental conditions were always compared with control samples dissected and FAC sorted in the same day. Multiple biological replicates were always performed, and their number is indicated in the corresponding figure legends.
Fluorescence in situ hybridization (FISH)
Oligonucleotides probe for dodeca heterochromatic repeat (Chromosome III) . SAC impairment does not affect the angle of stem cell division A to C) Different mitotic phases could be identified in 15-20 day-old intestinal samples using pH3 (green) to label mitotic cells, alfa-tubulin (red) to stain the spindle, and DAPI to mark the nuclei (blue); D) Example of a broad view of a 3D reconstruction (X axis projection) of multiple z-stacks of an intestinal sample; general architecture of the tissue can be appreciated with the ECs facing the lumen found in between two epithelial layers, and where diving ISC (white ellipse) can be found adjacent to the basement membrane (made evident by alfa-tubulin, red); E to G) Examples of diving ISCs in Control, mad2RNAi and mps1RNAi 15-20 day-old intestines; mitotic angle was inferred by the angle formed by two lines drawn: one along the basement membrane and one intersecting the center of the two separating nuclei; H) Distribution of mitotic angles determined for three conditions described in E-G; Controls (N=27), mad2RNAi (N=31) and mps1RNAi (N=26); p-value=0.14 controls vs mad2RNAi, p-value=0.29 in controls vs mps1RNAi, Mann-Whitney U test. Intestines where RNAi constructs against SAC genes mad2 or mps1 were expressed under the control of the esgGal4 promoter during the first 20 days of the Drosophila adult; note high cell density (compare B1 or C1 with A1); in control and RNAi conditions suppression of the GAL4-UAS system was performed during development by using the temperature sensitive repressor GAL80ts and by raising the flies at 18°C; N(intestines)=20 for controls and N(intestines)=20 for mad2RNAi and N(intestines)=18 for mps1RNAi; D) quantification of cell density in situations A to C); scale bar in A)= 40µm, all images are on the same magnification; ** p<0.01, *** p<0.001 Mann-Whitney U test. . Aneuploidy induction does not result in significant activation of apoptosis A) 10 day-old wild-type intestine fed 24h with bleomycin as a positive control for cleaved caspase-3 staining (apoptotic marker); many apoptotic cells were detected (see A´), examples shown in inset and pointed by white arrows; B) and C) 10 day-old control and mad2RNAi intestines stained for cleaved caspase-3; no apoptotic cells were found in the control samples, N=10 (intestines); in a total of 17 intestines apoptotic cells were only found in only 2 intestines for mad2RNAi (2 apoptotic cells in one intestine and 3 in the other one); scale bar = 40µm, all images are on the same magnification. 
